Key message Salix arenaria from sandy sites tended to grow fast, notwithstanding particular stress conditions in the desert habitat. Abstract The study was aimed at characterizing main adaptive changes in Salix arenaria exposed to harsh conditions of a desert-like environment. It was clearly shown that the plant was capable of adapting most of its photosynthesis parameters to enable efficient vegetative performance. A closer look at plant anatomical structures made it possible to better define the changes developed by plants populating sandy habitats as compared with the vegetation sites located in the nearby forest. The desert environment generated physiological stress of water availability and increased the plants' water use efficiency (WUE) during photosynthesis. All the collected data indicate that the photochemical apparatus in S. arenaria inhabiting desert areas got slightly adapted to strong light and drought, which involved some photoinhibition mechanism and the reduction of the reaction center (RC) size (photosystem II, PSII), while keeping the plant photochemical activity at a similar level. Determination of microbial frequency in the sandy soil of the desert-growing plants showed microbiota population high enough as not to hamper plant growth. The root zones of both the desert-growing and control plants provided favorable conditions enabling populous microbial proliferation, particularly biostimulated during the spring season. The arbuscular mycorrhiza was also shown to be well developed and independent of the original plant habitat (desert or forest).
Introduction
The Błędowska Desert ("Pustynia Błędowska") is a complex of two sand habitats that is inland dunes and stenothermic grasslands, covering a total area of approximately 33 km 2 . It has been classified under the European frame program dedicated to networks of landscape protection areas NATURA 2000-Area Code PLH-120014 (Ordinance of the Regional Director for Environmental Protection, Kraków, Katowice, 2014) . The desert is located in the North-West part of the so-called Jura Krakowsko-Częstochowska (Polish Jurassic Highland or Cracow-Częstochowa Jura Chain), on the borders of the Śląska (Silesian) and Olkuska Highlands (50°21′23.4″N 19°30′56.3″E) (Szostak et al. 2016 ). Among the causes of the mentioned area desertification were: extensive deforestation resulting from extractive industry expansion (especially mining) starting from the 12th century, animal grazing, and eolic processes (wind-promoted erosion) (Pełka-Gościniak et al. 2014) . Until mid-20th century, the described area was almost totally deprived of ligneous and woody vegetation. In addition, the desert-like landscape character was further promoted by wide utilization of surrounding zinc and lead deposits (still ongoing, although limited to the region of Olkusz located nearby) (Report on the environmental impact, 2007), drainage of underground water due to the mining activities and for using the area as a military training ground (Szostak et al. 2016) .
Currently, the Błędowska Desert undergoes both spontaneous, natural secondary succession, and anthropogenic land afforestation and shrub introduction. To fix the loose, windblown and volatile sands, some chosen herbaceous, as well as shrubby plants were introduced. Among the most important species are sand ryegrass (also known as sea lymegrass or beach wildrye, Leymus arenarius (L.) Hochst. (syn. Elymus arenarius L.), sharp-leaf willow (Salix acutifolia Willd.) and creeping willow (Salix repens subsp. arenaria (L.) Hiit.) (Rahmonov and Oleś 2010) .
It is frequently observed and obviously a general ecological feature that extended sand plains get covered by isolated vegetation islands. This is seen in coastal alluvial sand plains in Venezuela (Medina et al. 1989) as well as in the coastal sand dunes of the restingas in Brazil (Dias and Scarano 2007; Lüttge 2007) . It is fascinating that the sand plain of the Błędowska Desert presents a landscape physiognomy similar to these tropical habitats (Fig. 1a ). The reason for this general feature may be that the vegetation islands are started by individual pioneer plants which function as nurse plants (Dias and Scarano 2007; Lüttge et al. 2012) supporting the establishment of other species as well as soil microbiota. Although developing vegetation islands may also be dying off again, in successions, denser vegetation can develop from them (Medina et al. 1989) .
A typical nurse plant in the restingas is Clusia hilariana Schltdl. (Dias and Scarano 2007; Lüttge et al. 2012 ). In the Błędowska Desert, quite obviously S. arenaria plays such a role ( Fig. 1a, b ). S. arenaria is a subspecies of a desertintroduced shrub of the Salicaceae family, belonging to the species Salix repens. It has also been reported to enter desert wastelands following natural succession processes (Rahmonov et al. 2009 ). According to the Grime model, it uses a type of a ruderal strategy which allows for fast population of open environments suffering from ecosystem disorders, e.g., resulting in the tree stand structure disruption (Wonkka et al. 2013) . The plant has evolved adaptation capacities to vegetation at open spaces, predominately due to generation of long, flexible branches and leather-like, double-sided hairing of leaves (wax coating forms an indumentum). This species inhabits Asia and Europe, and in Poland, it occurs naturally on the Baltic coast. The plant is known to be resistant to physiological stress resulting from drought and frost (Zander and Graf 2010) . It can grow on peat and sandy soils; moreover, when it appears at sites characterized by dry sands and/or poor soils, it helps to create settlement conditions for herbaceous and grass plants, and promotes colonization with soil microorganisms.
The proper development and growth of many plant species is supported by proliferation of diverse soil microbiota, especially within the root zones. Close interaction between rhizospheral bacteria with the plant has a strong mutual effect involving both morphological changes and biochemical adjustments (Facelli et al. 2009 ). For the case of plant associations with soil-borne fungi, mycorrhiza is a widespread form of symbiosis between roots and fungal cells (Bonfante and Genre 2010; Smith and Read 2008) . The fungus is able to deeply penetrate the soil substrate and can take up considerable amounts of water, mineral constituents (N, P, K), and other micronutrients like Zn, Cu, Ni, S, Mn, B, Fe, Ca, and Mg (Allen et al. 2003) . Thus, it enables the host plant to have improved access to a variety of essential nutrients. In turn, the mycorrhizal fungi obtain plant carbohydrates which promote their growth (Smith et al. 2010) . The most important function of mycorrhizal fungi is their involvement in soil substrate aggregation and stabilization (Rillig and Mummey 2006) . In consequence, their presence and activity prevents erosion and enhances the agronomic soil value as well as improves environmental conditions favoring development of other organisms (Díaz-Zorita et al. 2002) . In addition, mycorrhizal fungi act as protective agents against pathogens, stimulating production of plant-beneficial exudates, and often synthesize hormones biostimulating growth of the host (Rillig and Mummey 2006) . For the case of arbuscular mycorrhiza formed by numerous representatives of the Glomeromycota division (Dickson et al. 2007; Smith and Read 2008; Smith et al. 2010) , the fungus is localized within the host root, where it penetrates into the root primary cortex. Then, inside the root cells, it generates specific branched hyphae called arbusculae.
Mycorrhizal frequency determination is a convenient technique enabling to monitor changes associated with natural succession processes occurring in woodlands surrounding desert-like areas as well as with afforestation actions (Orłowska et al. 2002 ). An alternative and complementary approach is to analyze photosynthesis course and physiological parameters of the plants populating sandy sites. The effect of unfavorable conditions is usually well reflected by photosystem II (PS II) efficiency (Baker 2008) . A decreased PS II yield typically results from the elevated energy amount dissipated as heat. This, in turn, leads to increased values of the following parameters: the amount of energy absorbed (trapped energy flux per PSII reaction center, TR 0 /RC), rate of electron transport (electron transport flux per reaction center, ET 0 /RC), and excess energy dissipation in the form of heat and fluorescence (dissipated energy flux per reaction center, DI 0 /RC) (Kalaji et al. 2011) .
Some insights into biomass building and water relations can be provided by analyses of 13 C/ 12 C carbon isotope discrimination during photosynthesis (Cernusak et al. 2013; Farquhar et al. 1989a; Park and Epstein 1961) . S. arenaria is an obligate C 3 plant with primary photosynthetic CO 2 fixation via RubisCO (ribulose-bis-phosphate carboxylase/ oxygenase) with a 13 C discrimination of CO 2 of 27‰ at the enzyme level (Beerling and Woodward 1993) . However, during the overall photosynthetic process, this is overlaid by carbon isotope discrimination of CO 2 diffusion particularly via the stomata. When stomatal conductance is high, the discrimination of CO 2 with the heavier isotope 13 C is lower (less negative δ 13 C values) than for the case when diffusion via the stomata is restricted. Stomatal conductance is inversely related to water use efficiency (WUE). Thus, plants suffering from water deficit usually use water more efficiently when calculated for the amount of fixed CO 2 . Decreasing stomatal conductance results in lowering of the leaf intercellular CO 2 level, which finally leads to an increased WUE (Seibt et al. 2008) .
The aim of the study was to detect changes in morphology, anatomy, and in the course of photosynthesis, associated with S. arenaria growing under harsh desert environmental conditions with limited access to water resources and nutrients. Research on adaptational potential of plants inhabiting depleted ecosystems has recently become an important issue in the context of global climate change that leads to expected progressive degradation of large areas. In addition, a possible role of soil microorganisms was analyzed in terms of their involvement in S. arenaria adaptive processes. Microbiota observations were focused on determination of bacterial and fungal colonization rate within the root zone and on preliminary characterizing plant symbiosis with arbuscular fungi.
Materials and methods

Plant material
The study concerned the shrubby plant Salix repens subsp. arenaria (L.) Hiit. (a creeping willow), growing in the sandy area of the Błędowska Desert ("Pustynia Błędowska"). The plant has been populating several desert sites upon natural succession. Three healthy, individual plant objects were arbitrary selected from different localities and subjected to anatomical investigations. For chlorophyll fluorescence measurements, each plant was examined with at least 20-30 repetitions (as limited by the number of leaf clips) every time interval (see below). In the case of C-isotope measurements, the pooled leaf samples from particular plants were analyzed in duplicates. As control objects, the plants belonging to the same subspecies were selected at two localities in the pine tree forest surrounding the desert area. The analyses were made under favorable atmospheric conditions, during warm and sunny days (maximum temperature of approximately 25 °C), independently at spring and summer during 2017 and 2018 seasons.
Anatomy of plants
Cross-sectional hand-cut fragments of stems and leaves were observed in distilled water using a Nikon ECLIPSE Ni light and epifluorescence microscope (Nikon, Japan) equipped with Microscope Camera Digital Sight series DS-Fi1c and NIS Imaging software, Nikon version 4.11. The distribution of chlorophyll was determined based on autofluorescence of Chl a.
Discrimination of a carbon isotope 13 C
Prior to analyses of carbon isotope content, freeze-dried leaf material was homogenized in an agate mortar until a finegrained powder was obtained. Determination of the carbon isotope ratio, δ 13 C, was performed with the continuous flow technique using a Finnigan MAT 253 mass spectrometer coupled with a Flash HT Elemental Analyzer. The samples were weighed and then burned off in a furnace at 1020 °C. Small volume aliquots of oxygen were added to the system to provide complete burning of the organic matter and transforming it into gases. The resultant CO 2 was then fractionated using chromatographic columns heated to 45 °C. Next, it was transported within the helium stream through the Con-Flo IV Interface to the mass spectrometer to enable determination of the ratio of particular carbon isotope contents. The calculations were made employing internal standards USGS 40, USGS 41, and IAEA 600 (Coplen et al. 2006 ). The carbon isotope ratio is expressed as:
Chlorophyll fluorescence measurements
The analyses were performed using Dual-PAM-100 (P700 & Chlorophyll Fluorescence Measuring System, Walz Messund Regeltechnik, Germany) according to the manual.
(1) 13 C = ( 13 C∕ 12 C) sample ( 13 C∕ 12 C) standard − 1 ⋅ 1000‰.
Determination of chlorophyll a fluorescence kinetics
Photochemical parameter analyses were carried out using a Handy PEA spectrofluorimeter (Hansatech Instruments, UK). The leaves were dark-adapted for 20 min by clipping with leaf clips. Chlorophyll a (Chl a) fluorescence was excited at the wavelength λ = 620 nm. The overall light intensity (irradiance, photosynthetic photon flux density, PPFD), was measured at particular experimental sites and at defined times of the day (see below) with the use of a Li-COR LI-189 luxometer (Lincoln, Nebraska, USA). Photochemical activity was determined based on the measurements of the following photochemical parameters (see the abbreviations list for parameter definitions): TR 0 /RC, ET 0 / RC, DI 0 /RC. All the parameters were measured at strictly defined hours (7:00, 10:30, 14:00, 17:30), so that their daily courses could be monitored.
Bacteria and fungi colonizing the rhizosphere of Salix arenaria
To determine microbial frequency within the root zone of the tested plants inhabiting the desert and forest areas, the root systems were carefully pulled out and the soil material shaken off and collected. The root system of S. arenaria creates a network of creeping shallow roots (penetrating less than 20 cm of soil layer) that spread in all directions and are easy accessible. In a sandy soil of both the desert and forest localities, it was, thus, relatively easy to obtain undamaged, fine roots for further analyses. Either bacterial or fungal cell population densities were monitored in aqueous soil extracts with a standard Koch surface-plating method, using Petri dishes that contained solidified media: 2.5% enriched agar (Biocorp, Poland) or a 6.5% Sabouraud medium, respectively. Colony-forming units (CFUs) were macroscopically evaluated and counted after 3-4 day incubation at room temperature and the resultant cell frequencies were expressed as CFU per g d.w. of original soil samples (Kaszycki et al. 2014 ).
Assessment of mycorrhizal fungi
Staining of fungal structures occurring inside S. arenaria roots was carried out with the modified method of Phillips-Hayman (Phillips and Hayman 1970 
Statistical data analysis
Collection of plant samples was carried out as described above (see "Materials and methods"). All the data are presented as mean values with a standard deviation (SD). Photochemical and carbon isotope discrimination results were analyzed using the statistical software Statistica 13.1 (Stat-Soft, 64 bit). One-way analysis of variance (ANOVA) was followed by the difference determination using a post hoc Scheffe's test at p ≤ 0.05. Microbiological frequency was determined upon three repetitions. SD values, represented by respective error bars in Fig. 6 , were calculated on the basis of multiple repetitive cell colony counts and were assumed as 25% of the original data.
Results and discussion
Morphological evaluation of S. arenaria indicates that the plants got adapted to growth at desert conditions by forming long and flexible, wind-resistant branches together with thick leaves coated with waxy surfaces providing protection against enhanced solar radiation. A closer look at plant anatomical structures (Figs. 1, 2, 3, 4 ) enabled to better define the main adaptive changes developed by plants populating sandy habitats as compared with the vegetation sites located in the nearby forest. Surfaces of the desert-collected leaves were covered with considerably higher number of trichomes (dead trichomes) that tended to form an indumentum, observed both on the upper and bottom sides. Figure 2 shows leaf cross sections, which prove that the vascular conductive tissue as well as the strengthening tissue (collenchyma and sclerenchyma) were better developed for willows grown in the desert, which was especially pronounced within the area of main leaf vascular tissues. Young (less than 1 year old) stems of the desert-inhabiting plants (a stem cross section is presented in Fig. 3) were covered with a thicker layer of cutin. For older (2 years old) stems (Fig. 4) , the cutin layer was also thicker and the formation of the strengthening tissue was promoted. In general, it is apparent that the plants collected from sites at the Błędowska Desert tended to grow faster, notwithstanding particular stress conditions in the desert habitat. It was possibly a result of the enhanced exposure to sunlight during the early stages of development.
The carbon isotope ratios clearly indicate that the desert environment generated physiological stress of availability of water. For that reason, the plants of S. arenaria probably increased their WUE during photosynthesis, which is manifested by higher discrimination and a more negative δ 13 C value (Table 1) . Interestingly, δ 13 C differed by 4.1‰ in both habitats. Although several factors are expected to be involved in making this difference, in a comparison of plants with the same mode of C 3 -photosynthesis and the basic 13 C-discrimination of RubisCO, it is appropriate to relate this difference predominantly to WUE (Ehleringer and Rundel 1989; Farquhar et al. 1989a, b; Guehl et al. 2004; Livingston et al. 1999; Scheidegger et al. 2000) ; still, an increased activity of PEPC, which is characterized by a lower 13 C-discrimination, cannot be excluded for the case of stress-exposed plants (Farquhar et al. 1989a ).
From the carbon isotope ratio, δ 13 C, 13 C-discrimination, ∆, is obtained as follows:
where δ a and δ p are the δ 13 C values in the atmosphere and in the plant material, respectively, and δ a is −8‰. Correlations or proportionalities (≈) are as follows:
where p i CO 2 and p a CO 2 are the CO 2 partial pressures in the atmosphere and in the leaf intercellular air, respectively; g H 2 O is leaf hydraulic conductivity or stomatal conductance to water vapor, and WUE is water use efficiency (Farquhar et al. 1982) , and where 4.4‰ is 13 C-discrimination due to CO 2 diffusion in air and 22.6‰ is the difference between this and the net fractionation by RubisCO carboxylation itself (viz. 27‰). With these relations, the carbon isotope analyses support the notion that, in the desert site, S. arenaria operates at a considerably higher WUE with the sacrifice of operating at a lower p i CO 2 than at the forest site (Table 1) . However, the plants populating the desert areas did not exhibit considerable malfunctions on the level of the photochemical apparatus. Some differences were, nevertheless, apparent when Chl a fluorescence kinetic parameters of S. arenaria leaves were considered. The data are shown in Fig. 5 . The most pronounced changes could be observed for determination of the electron transport velocity per PSII reaction center (the ET 0 /RC parameter, Fig. 5a ) and energy capture by a single reaction center (TR 0 /RC, Fig. 5b ). In the desert-analyzed leaves, both ET 0 /RC and TR 0 /RC were lower than in the controls at every investigation time of the , day, proving statistically significant changes at all measurement hours except for 10:30, and, taken together, indicating photoinhibition. Thus, these differences were rather stable during the day course and one could suggest that this phenomenon may have resulted from differences in structure of some components of the electron transport chain (PSI and PSII). The above findings support the idea that the tested desert-growing plants undergo physiological stress associated with drought and excessive exposure to sunlight. At the same time, the parameter DI 0 /RC, representing total dissipation (heat or fluorescence) of the energy not captured by single reaction center, was not significantly changed (Fig. 5c ), a 1 , a 2 and b 1 , b 2 ). Red and blue colors correspond to autofluorescence of chlorophyll and cell walls, respectively. co-collenchyma; le-lower epidermis; ls-lower surface; ph-phloem; pm-palisade mesophyll cells; sc-sclerenchyma; sm-spongy parenchyma cells; tr-trichome; ue-upper epidermis; us-upper surface; xy-xylem and revealed no statistical dependence on the time of the measurement, nor on the plant location. However, some increasing tendency as observed during the course of a day could imply that the components responsible for the DI 0 /RC ratio got adapted to the new conditions very fast. Surprisingly, in the tested desert-growing plants, this parameter was not significantly higher in comparison to plants growing in the surrounding forest. All the collected data could indicate that the photochemical apparatus in plants populating desert areas adapted slightly to strong light and drought by reducing the RC size while keeping their photochemical activity at a similar level.
Population assessment of soil microorganisms indicated that the rhizosphere of the forest soil substrate revealed b 2 ). Red and blue colors correspond to autofluorescence of chlorophyll and cell walls, respectively. co-collenchyma; cu-cuticule; ph-phloem; pi-pith; sc-sclerenchyma; tr-trichome; xy-xylem; ve-vein higher colonization frequency of both fungi and bacteria (Fig. 6 ) as compared to the desert stands (approximately two-to-threefold differences in microbial abundance). This tendency was observed both for the spring and summer seasons; however, in spring, the microbial population was generally much higher than in summer. The determined frequencies (expressed as CFUs per g d.w. of soil, given in pairs, as observed for the case of desert and forest, respectively) were as follows: (1) fungi (spring): 1.1 × 10 5 and 3.7 × 10 5 ; (summer): 1.0 × 10 4 and 7.1 × 10 4 ; (2) bacteria (spring): 2.8 × 10 7 and 4.4 × 10 8 ; (summer): 3.8 × 10 5 and 8.8 × 10 5 (cf. Fig. 6 ). As it is expected, the differences in a 1 , a 2 and b 1 , b 2 ).
Red and blue colors correspond to autofluorescence of chlorophyll and cell walls, respectively. co-collenchyma; cu-cuticule; mrmesophyll rays; ph-phloem; pi-pith; sc-sclerenchyma; tr-trichome; xy-xylem; ve-vein colonization rate suggest that the forest soil, richer in humic substances, provides better conditions for microbiota proliferation. Still, the observed microbial frequency of the sandy soil of the desert-growing plants should be regarded as high enough as not to hamper plant growth. Therefore, we can infer that the conditions in the willow root zones of the studied desert area were not inhibitory towards microorganisms. The higher microbial abundance observed during the spring season can be explained by more favorable water conditions, typically observed in May and June as compared to the summer months (data not shown).
Microscopic observations of arbuscular mycorrhiza (Fig. 7) show the well-formed symbiotic structures for S. arenaria growing both in desert and forest soils. These results were supported by the analyses of mycorrhizal frequency (unshown), and taken together, they prove similar fungal colonization rate of roots for the two cases studied.
Concluding remarks
Salix arenaria appears as a robust pioneer organism, capable of populating degraded areas such as desert-like habitats in Europe. The observed potential is similar to the one documented for other trees in tropical ecosystems. The plant can develop showing relatively small photochemical alterations and can reveal adaptive mechanisms enabling to adjust to unfavorable environment. It is expected to function as a nurse plant providing conditions that promote growth of other plants and stimulate proliferation of microorganisms. All the above findings indicate that S. arenaria is a good scrub candidate for introduction to degraded areas, capable of expansion under harsh environmental conditions. The highly productive S. arenaria vegetation may prove helpful (Pa/MPa) 244 320
Fig. 5
Analyses of photochemical parameters of Salix arenaria growing in the desert and forest at different times of the day; a electron transport flux per reaction centers (ET 0 /RC); b trapped energy flux per reaction centers (TR 0 /RC); c dissipated energy per reaction centers (DI 0 /RC); asterisks point to statistically significant differences at p ≤ 0.05
Fig. 6
Changes of fungal and bacterial population in the root zone of S. arenaria as dependent on the growth site (desert, forest) and season (spring, summer); asterisks point to statistically significant differences at p ≤ 0.05 Fig. 7 The arbuscular mycorrhiza in roots of creeping willow (Salix repens subsp. arenaria (L.) Hiit.) from the Błędowska Desert "Pustynia Błędowska" (a) and surrounding forest (b). hy-hyphae
